Focal adhesions are highly dynamic multi-protein complexes found at the cell surface and effectively link the cell's internal cytoskeleton to a complex mixture of macromolecules known as the extracellular matrix and mediate transmission of signals from the extracellular matrix to the nucleus. Zyxin is one of the key focal adhesion proteins and is also found to shuttle in the nucleus. Although the mechanism of shuttling to the nucleus unclear, it moves out from the nucleus through a leucine-rich nuclear export signal sequence. It is known to contribute to fundamental cellular activities such as cell migration, adhesion and proliferation by interacting with a variety of cellular proteins. It is also linked with a number of cancers such as melanoma, hepatocellular carcinoma, oral squamous-cell carcinoma, Ewing sarcoma and prostate cancer. However, in many cases, the precise mechanisms by which the absence or presence of zyxin contributes to cancer progression or suppression is unknown. Thus, more work is required to gain insights into how zyxin modulates cellular functions in relationship to cancer. This review summarises the role of zyxin in cancer, with an emphasis on conflicting roles in prostate cancer.
Introduction
Cell adhesion to the extracellular matrix (ECM) is essential for the normal functioning of many tissues in humans including the skin, the gut and the kidneys. At the cellular level, cell adhesion regulates a host of activities including cell migration, proliferation and death. A characteristic feature of cancer is that cell adhesion to the ECM is perturbed in such a way that control of normal cell function is lost. Often, cell attachment to the ECM is required for transfer of signals from outside of the cells to inside that direct many functions in cells, including progression through the cell cycle; and cells that detach from the ECM undergo programmed cell death (apoptosis). Cell adhesion to the ECM is mediated primarily through a group of transmembrane receptors that cluster into complex multi-molecular structures known as focal adhesions (FAs), which link the ECM to the actin cytoskeleton.
Zyxin, a phosphoprotein, is implicated in actin cytoskeleton assembly and is mainly localized at FAs. It can, however, shuttle between the cytoplasm and nucleus and plays a role in transcription [1] . The mechanisms by which zyxin shuttles between nucleus and cytoplasm are unclear. However, it contains a leucine-rich nuclear export signal sequence ( Fig. 1 ) that helps its exit from the nucleus to the cytoplasm [2] . Leptomycin B was found to block zyxin shuttling from the nucleus and result in nuclear accumulation of zyxin [3] . It is composed of 572 amino acids and has two major segments; an N-terminal domain containing proline-rich sequences and three LIM (Lin11, Isl-1 & Mec-3) domains at the C-terminus, through which it interacts with a variety of proteins. Fig. 1 illustrates the domain architecture of zyxin and some of its known binding partners, that allow zyxin to plays a pivotal role in a host of cellular activities. In addition to zyxin, the Zyxin subfamily also includes Ajuba, LIMD1 (LIM domain-containing protein 1), LPP (Lipoma-preferred As outlined in Fig. 1 , zyxin has been identified as a key interacting partner for a number of molecules, which allows it to execute a plethora of cellular functions. For example, a yeast two-hybrid screen resulted in the identification of the cell-cell adhesion receptor nectin-4 as a zyxin binding partner. Docking of zyxin to nectin-4 receptor is required for the localization of zyxin at the FAs site and the associated strong cell-cell adhesions [5] . Moreover; with depletion of nectin, zyxin fails to localize at the FAs [5] . Furthermore, zyxin was also found to be associate with the homeodomain interacting protein kinase 2 (HIPK2) protein. HIPK2 is a critical regulator of cell fate, in response to genomic damage. For example, in unstressed cells, HIPK2 is maintained at very low amounts. However, during the stress conditions such as UV exposure, irradiation or chemotherapy that leads to severe genomic damage, HIPK2 is activated, followed by phosphorylation of p53 that leads to apoptosis [6] . Zyxin expression was found to be critical for HIPK2 stability as zyxin depletion results in HIPK2 degradation, resulting in inhibition of DNA damage-induced p53 phosphorylation by HIPK2. Thus, zyxin is a critical regulator of DNA damageinduced cell death through regulation of HIPK2 e P53 signaling axis [7] .
Zyxin also plays a crucial role in the organization of the actin cytoskeleton [8] . It was demonstrated to interact with Ena/VASP family proteins and recruit them at the FAs [9] . LIM domains are known to act as docking sites for several proteins; and are essential for a variety of cellular functions, including cell differentiation and proliferation. For example, the LIM1-2 domains interact with CasL/HEF1 and p130Cas [10] that further affect cell adhesion and motility. This interaction also has implications in cell spreading, and migration [11] as well as regulation of the Hippo signaling pathway [12] .
Zyxin and cancer

Zyxin acts as an oncogene.
Based on the information available in the literature, it is evident that zyxin has Yin and Yang relationship with cancer development. It was found to act as a possible oncogene at some sites promoting cancer development or progression, while it acts as a possible tumour suppressor in other organs protecting from cancer progression. It is not very clear why zyxin has these possible opposing actions; but we know this can be affected by the organ involved, experimental conditions and more importantly by the presence/absence of interacting proteins.
For example, zyxin was linked to melanoma via the Wilms' Tumour protein (WT1) that is associated with melanoma proliferation. WT1 was found to be expressed in malignant melanoma in >80% of cells, while it is not expressed in normal skin or in benign nevi. Silencing WT1 significantly resulted in reduced zyxin expression and reduced melanoma cell proliferation [13] . A more recent study found that peroxisome proliferator activated receptors (PPARs) activation could result in downregulation of WT1 and zyxin, suppressing melanoma cell growth [14] . Another study demonstrated that zyxin was upregulated in melanoma cells compared to melanocytes. Interestingly, the expression of zyxin is directly related to cell spreading and proliferation and inversely related to differentiation. Treatment of melanoma cells with 12-O-tetradecanoylphorbol-13-acetate; which acts in normal cells as a protein kinase C (PKC) activator, results in depletion of PKC in melanoma cells, associated with suppressed Zyxin expression, inhibited cell spreading and proliferation, and promoted differentiation [15] .
The expression pattern of zyxin was also studied among cases with hepatocellular carcinoma (HCC). Zyxin over-expression was evident in one-third of cases and was 60 folds higher in cases with multiple tumours. Zyxin over-expression was also found more evident in cases that developed recurrence following hepatectomy [16] . LIM and SH3 protein 1 (LASP-1) has been demonstrated to play an important role in cancer development and progression, through binding with zyxin and affecting actin filament dynamics. LASP-1 expression analysis in 144 HCC cases revealed that LASP-1 over-expression is directly correlated with worsening clinical prognosis and poor overall survival [17] . LASP-1 also expresses in high amounts in breast cancer patients and a study found that transfecting cells with LASP-1 specific siRNA could result in up to 50% suppression of tumour cell proliferation [1] . LASP-1 expression was investigated in a series of 216 ccRCC (clear cell Renal Cell Carcinoma) tissues and correlated with clinical data. LASP-1 expression was significantly higher in ccRCC tissues compared to non-tumour tissue and its upregulation was found to be associated with a larger tumour size and higher tumour stage [18] . LASP-1 was also found to mediate proliferation and migration of ovarian epithelial tumours. A study performed with 26 patients with an ovarian tumour found that LASP-1 was expressed in 54% of malignant tissue, while all benign tissue lacked LASP-1 expression. Interestingly, silencing of LASP-1 leads in depletion of zyxin at FA points and decreases cell migration [19] . Thus, zyxin plays vital roles in breast carcinoma, HCC and ccRCC via its interaction with LASP-1.
A study that included 102 patients with malignant renal tumours and 12 patients with benign renal tumours, to identify serum peptides as a possible aiding diagnostic utility for malignant tumours revealed that zyxin was only found to be over-expressed in malignant renal tumours [20] . A similar study by Ma et al [21] . was performed for breast cancer that presented that zyxin was expressed in 70% of breast cancer tissue but only in 5% normal breast tissues. They even found that higher immunostaining intensity was correlating with histological stage and lymph nodes metastases. Moreover; Trip6 (a member of Zyxin family) overexpression was associated with the proliferation of non-Hodgkin lymphoma and to inversely correlate with survival and time to recurrence [22] . Its high expression levels were also detected in Glioma tissue and the overall survival rate of these patients decreased as the level of Trip6 increased [23] . These data show that Trip6 overexpression promotes poor clinical outcome in a dose-dependent manner.
In addition, zyxin was established as an interacting partner of the Human papilloma virus 6 (HPV6) E6 protein. An HPV infection leads to genital warts as well as penile and cervical carcinoma. Binding of HPV6 E6 protein with zyxin leads to relocalization of zyxin from cytoplasm to nucleus where it acts as a transcriptional activator, promoting warts growth and cell proliferation [24] .
Zyxin acts as a tumour suppressor.
Cell Cycle and Apoptosis Regulator Protein-1 (CARP-1) is a zyxin-binding partner.
CARP-1 was originally described as a protein required for tumor cell death in response to retinoids and adriamycin [25] . LIM domains of zyxin were determined to be the critical regions for CARP-1 binding as well as for zyxin's proapoptotic effect [26] . It was also demonstrated that CARP-1 and zyxin cooperate to promote apoptosis [26] . CARP-1 was found to be downregulated in 63% of gastric cancer tissues; of which, low-intensity staining was identified in 81% cases while no patients with gastric cancer had a high-intensity staining for CARP-1 [27] . Another study on zyxin found that it is downregulated in Ewing sarcoma where zyxin is more concentrated in the cytoplasm rather than cell adhesion junctions. Zyxin gene transfer, however, could result in a redistribution of zyxin, leading to reorganization of actin cytoskeleton and decreasing cell motility and growth [28] .
Myopodin (Synaptopodin 2) is tumour suppressor gene located at 4q25 on a human chromosome that is deleted in patients with prostate cancer [29] . Zyxin was found to interact directly with myopodin and this interaction was found to be essential for the tumour suppressor effect of myopodin on prostate cancer growth and progression. Deletion of the sequence required for myopodin-zyxin interaction abolished myopodin mediated suppression of cell motility and invasiveness [30] . Another study showed that deletion of myopodin was associated with higher rate of metastases and clinical relapse of prostate cancer, irrespective of Gleason grade, while persistence of myopodin was associated with lower rate of metastases and clinical relapse [31] . Kai et al. [32] demonstrated that the response of PC3 cells to myopodin differ according to the external stimuli. They used conditioned medium (CM) and 10% fetal bovine serum (FBS) to show that both chemotactants can enhance PC3 cell migration, with CM being 5 times more potent than FBS. They found that myopodin suppressed motility of cells in presence of the strong CM stimulus, while it enhanced cell motility in presence of weak FBS stimulus. A further study by the same authors demonstrated that the apparently opposing effects on motility are existing together to provide optimal tumour suppression; as myopodin was found to inhibit motility of the neoplastic acinar cells, while promoting motility of the non-cancerous basal cells maintaining its integrity in resisting cancerous cells invasion [33] .
A study from Memorial Sloan Kettering Cancer Center included testicular specimens from patients with a testicular tumour treated between 1985 and 2002 and correlated with survival outcomes. Myopodin was found to exert a possible tumour suppressor role and was an independent predictive marker for overall survival [34] .
A more recent study (2015) from the same cancer center found different genetic regions to be associated with testicular cancer disease-free survival. They could build a gene model from these genes including myopodin and that genetic model was found to be an independently associated with survival outcomes [35] .
A study on 173 patients with bladder transitional cell carcinoma could identify that a low level of zyxin was significantly associated with higher tumour grade and stage [36] . Zyxin exhibits its suppressor effect in bladder cancer through the b-catenin signaling pathway. b-catenin is a cytoplasmic protein that participates in the assembly of the cell to cell adhesions junctions through binding with zyxin, E-cadherin and moesin. Alteration of physiological balance for b-catenin interaction with zyxin, E-cadherin or moesin could account for the invasiveness potential for bladder cancer [37] . b-catenin was also found to interact with the Wnt signaling pathway resulting in various adverse effects including osteoporosis and cancer progression [38] .
To summarize; zyxin, a phosphoprotein, is involved in actin cytoskeleton assembly and is mainly localized at FAs maintaining tissue integrity. It can, however; shuttle between cytoplasm and nucleus, affecting transcription. It has dual oncogenic and tumour suppressor actions. The differential mode of action is exerted based on the organ involved and its interacting protein partners. Zyxin possibly exerts its oncogenic effect through a weakness at the FA points promoting tumour progression and invasiveness, while its tumour suppressor effect may be induced by affecting nuclear transcriptional function. A recent study suggested that zyxin may exert its actions through a mitotic-phosphorylation-dependent manner, with the phosphorylation acting as the trigger for zyxin activity towards promoting cancer growth and proliferation [39] . Most of the zyxin's effect is however mediated through its interactions with other proteins, rather than being a sole independent effect. Future studies are required to decipher the mechanisms by which zyxin exerts differential actions on cancer development. Table 1 illustrates the role of zyxin in different tumours.
Conclusion
Zyxin is an important protein involved in cell adhesions and affecting nuclear transcription. It is mainly located at FAs but can shuttle to the cytoplasm or the nucleus. It can bind to several proteins to produce specific regulatory actions on cells and according to the interacting protein type and organ involved, the resulting action can be a promoter of cells growth and progression or apoptosis. Zyxin is linked as a promoter for renal cell carcinoma, and tumour suppressor to prostate, bladder and testicular cancer. It interacts with HPV6 and results in wart growth and progression. It plays a variety of biological functions and is an attractive target for the treatment of many cancers, however, the mechanisms underlying these functions are unclear and merit further work. We hope that this simplified review will open new doors for future research to include zyxin as a potential new target for cancer therapy, possibly through activating or suppressing its expression and/or nuclear shuttling. Bladder cancer Suppressor Through interacting with b-catenin, interfering with its pathway and suppressing tumour proliferation.
